Conventional analysis of motor-evoked potential (MEP) is performed in time domain using amplitude and latency, which encapsulates information relevant to the cortical excitability of the brain. The study investigated the importance of time-frequency analysis by comparing MEPs in time-frequency domains (TFD) of healthy versus stroke survivors. Six healthy subjects and ten patients with stroke were enrolled. Single-pulse transcranial magnetic stimulation (TMS) at resting motor threshold (RMT) was given at extensor digitorum communis muscle cortical representation to obtain MEP. MEPs were obtained at resting motor threshold (100% RMT subjects and patients), supra-threshold range (100-170% RMT), and different voluntary contractions (100% RMT) to subjects. Fast Fourier transform and continuous wavelet transform (CWT) were used for analysis. Frequency spectrum showed 98% and 66% of signal power in 0-100 Hz for subjects and patients, respectively. Top 10, top 25, and top 50 percentile power of CWT were calculated for each MEP. Frequency spectrum of top 10 and top 25 percentile power of subjects were different (p < 0.05) and dispersed to 0-500 Hz for patients; both groups having a 40-Hz peak. Total power of MEP was found to be low (p < 0.05) in patients as compared to subjects and top 10, top 25, and top 50 percentile power showed decrease. Clinical scores-MAS and FM-were observed to be correlated to frequency and time-frequency features (p < 0.05). Frequency spectrum belonging top 10 percentile power of different level voluntary contractions showed statistical significance (p < 0.05). However, no significant differences were observed for MEPs at different supra-threshold intensities. Results suggest time-frequency analysis might provide objective ways to quantify TMS measures for stroke patients.
Introduction
Since the discovery of magnetic stimulation of the brain, transcranial magnetic stimulation (TMS) has been used in numerous clinical applications with its therapeutic potential being an active research area [1] . TMS has been shown to be a valuable tool in studying the regional localization [2] , connectivity of brain [3] , pathophysiology of neurological disorders [4] , and diagnostic utility [5] . TMS technology has its advantage of being non-invasive, painless, good spatiotemporal resolution, and ability to control the amount of stimulation intensity to be delivered [6, 7] .
TMS can be used either as single-pulse TMS (sTMS), dual pulse TMS, or repetitive TMS (rTMS) protocol. Motorevoked potential (MEP) obtained using transcranial magnetic stimulation (TMS) can be recorded as electromyogram (EMG) activity in a target muscle. MEP encapsulates This article is part of the Topical Collection on Medicine Electronic supplementary material The online version of this article (https://doi.org/10.1007/s42399-019-00113-1) contains supplementary material, which is available to authorized users. information relevant to the cortical excitability of the brain [1] providing insights into membrane excitability of neurons, conduction and functional integrity of cortico-spinal tract, and neuromuscular junctions and is of prognostic importance in disease monitoring [2] .
Two important features of MEP in time domain are amplitude and latency. Variation in time domain features of MEP is currently used in clinics to evaluate disease status and measure treatment responsiveness [3, 4, 8] . Following single-pulse TMS, the pyramidal neurons are activated transsynaptically producing "I" indirect waves at the threshold and as the stimulation intensity increases, pyramidal axons are activated producing "D" direct waves [5] . The level of excitability of motor cortex decides the size of descending volleys and, hence, the amplitude of MEP [6, 7] . Conduction time taken by neural impulses to travel along the cortico-spinal projections to peripheral muscles is reflected in latency period of the MEP.
Quantitative measures of cortico-excitability in time domain amplitude and latency qualify as strong input candidates as a marker of excitability and inhibitory measures in different applications [1, 4] . In healthy subjects, MEP amplitude increases with an increase in stimulus intensity; amplitude tends to increase almost linearly with stimulus intensity reaching plateau phase at higher stimulus intensity. The curve is sigmoid-shaped in nature and referred as stimulus response curve (SRC) [7, [9] [10] [11] .
Time domain (TD) features are sensitive to noise, are not always accurate and might often result in falsepositive and false-negatives interpretations, and have irreproducibility [12] [13] [14] [15] , limiting its wide acceptance in the clinical community. It usually evidences a steep learning curve requiring significant experience for which visual monitoring by trained technicians and clinicians are needed [12] . They cannot be used in the automated analysis [12] . Previous studies on various evoked potentials in animals [12, [16] [17] [18] [19] [20] [21] and humans [22] have demonstrated the importance of analysis in frequency domain (FD) and time-frequency domain (TFD) for different pathophysiology conditions and showed that TFD might have advantages over TD analysis. Applications of FD and TFD of MEP in stroke have not been reported in humans and animals.
In this study, we intended to perform TD, FD, and TFD a n a l y s e s o f M E P e x p l o r i n g t h e p o t e n t i a l information which might provide improved quantitative neurophysiological parameters. In our study for MEP analysis, the commonly investigated forearm muscle extensor digitorum communis (EDC) in stroke has been chosen as also suggested in the literature [15, 23, 24] . The functional cortico-muscular connectivity and coherence, till date to the best of our knowledge, has only been studied using EEG, MEG, and EMG [25] but not using MEP which is a direct measurement of neuronal connections and relationship between cortical and muscular activity. We also explored time-frequency information of MEP, for healthy subjects and patients with stroke, driving muscle at different threshold intensities at resting states and different grades of isometric contraction.
Materials and Methods

Subjects and Electromyography Recording
Right-handed male healthy subjects (n = 6, age = 27.5 ± 7.2 years) with inclusion criteria age 18-70 years, no neurological-deficit/hypertension/diabetes, and compliant with TMS procedure were chosen for this study. Ten right-handed patients with stroke (n = 10, male/female = 8:2, age = 49.8 ± 14.85 years, Table 1 ) with the following inclusion criteria: within 24 months chronic, first, and unilateral ischemic/hemorrhagic stroke, age 18-70 years having no peripheral neuropathy, Modified Ashworth Scale (MAS) ≤ 3, compliant with TMS procedure were enrolled in this study. The clinical scales-MAS and upper limb Fugl-Meyer (FM) scale-were measured for all enrolled patients ( Table 1 ). The MAS of wrist joint was assessed ranging from 1 to 3 on a scale of 0-4 and upper limb FM scale ranged from 20 to 52 on a scale of 66. The study was approved by the Institutional Review Board (IRB) at the All India Institute of Medical Science, New Delhi (IEC/NP-99/13.03.2015), for healthy subjects and patients with chronic stroke (more than 3 months to less than 24 months only). Written informed consent was obtained from all participants at the time of enrolment.
The disposable gel-based wet Ag/AgCl surface electrodes were used in a bipolar configuration in which active electrodes were placed on the muscle belly with a center-to-center interelectrode distance of 20 mm and ground electrode was placed on the lateral epicondyle. Muscle contraction causing extension of third digit of hand was observed for identification of muscle-belly and electrode placement. Electrodes were connected to the EMG amplifier connected with TMS (Magstim Rapid 2 , Magstim, UK). Sampling frequency of MEP was 6000 Hz, MEP was saved in .MRF (Meta Raster Format XML metadata) format for further processing.
Experimental Setup and Procedure
Subjects were positioned comfortably on TMS reclining chair in half supine posture, with left forearm pronated, elbow joint in 90-120°flexion, wrist joint in neutral position, and fingers at rest. MEP was acquired in a quiet place, the patients were instructed to close the eyes, keep the hand in a fully relaxed condition for 120 s before starting the experiment, and take deep breaths. The experiment was done at the same time of the day to ensure same experimental conditions for all the subjects. Specific hotspot for the EDC muscle was determined for each individual.
Single-pulse TMS were delivered to measure the MEP at cortical representation of the left EDC muscle (between Cz and C4 of contralateral primary motor cortex with reference to the EEG cap wore by them) for healthy subjects and left or right EDC muscle (between Cz and C4 or Cz and C3) for patients for the respective affected hand [26] . TMS stimuli were delivered by a flat 70 mm figure-of-eight coil (type D70 (AC), serial no. 0326, Magstim Rapid 2 , Magstim, UK), placed tangentially with handle pointing towards back, 90°to central sulcus and 45°to midsagittal line for trans-synaptical activation of the cortico-spinal tract [27] . TMS stimuli were delivered by moving the coil in millimeters in all directions until the hotspot was localized ("hotspot" is the area producing maximum MEP response for the respective muscle). Once the hotspot was localized, RMT was measured by progressively increasing the maximum stimulator output (MSO) starting from stimulus intensity of 35% in steps of 2 to 5% until a reliable MEP (>50 μV peak-to-peak) appears [7] . Then, MSO is lowered in steps of 1% until there are 5 consecutive responses out of 10 trials. Each pulse were given at an interval of > 5 s [28] . Once the RMT was determined for a reliable MEP at the hotspot, the stability of the hotspot of EDC muscle throughout the experiment was ensured by marking the area with a colored marker. We encountered approximation of hotspot in slightly lateral or posterior or lateroposterior as compared to unaffected side hotspot in the patient cohort in the study.
Healthy Subjects MEPs were recorded by giving single-pulse TMS at the hotspot of EDC muscle of each healthy subject in three ways: (a) at 100% RMT, (b) at different intensity values (110%, 130%, 150%, and 170%) with increasing intensity expressed relative to the respective RMT in supra-threshold range, and (c) at isometric wrist extension at 50% MVC (maximum voluntary contraction) and 100% MVC at 100% RMT. Thus, in total, seven MEPs were recorded for each healthy subject. For the second way (b), the order of stimulus intensity was randomized for subjects avoiding anticipation bias in MEP recording. Also, the interval of 5 s was maintained in between each stimulus to avoid overlaps in refractory period of the last and action period of the next MEP. Once the hotspot was localized and RMT was determined, only the last MEP (5/10 trials) was saved (for each seven conditions for seven subjects) due to the hardware limitations of Rapid 2 Magstim TMS as each MEP sample file needs to be saved manually and individually while maintaining the coil position at the hotspot.
Patients RMT was determined for patients on their respective affected side by similar methodology as described above. MEP was recorded only at 100% RMT for patients, with single MEP for each patient.
Data Analysis
The sampling frequency of the MEP pod, built-in with TMS machine, is an effective 40-k samples per second. It is implemented using a 24-bit delta-sigma A-to-D converter with a 16-MHz, which gives an effective 40-k samples per second at 19 bits effective dynamic range. The second-order low pass anti-aliasing filter is fixed at 10 kHz. The first-order high pass filter to remove DC offset was set at 2 Hz. Electromagnetic interference (EMI) filters were also implemented. And then downsampling was done before storing the data at 6 kHz. Data analysis was performed using in-house build , and ten MEP samples at 100% RMT for ten patients with stroke (total ten samples). Hence, total 52 MEP samples were analyzed for each variable. The analysis window for all MEP samples was 49 ms that began after the TMS application to remove the artifacts. The analysis was performed on the whole 49 ms to remove the bias due to difference of latency and duration in healthy, stroke, and intervariability within stroke population.
Frequency Domain Analysis Frequency spectrum of MEP was analyzed using fast Fourier transform (FFT). The following features in FD were obtained: (a) power in the signal was calculated under different bands of frequency spectrum (0-100 Hz and 0-500 Hz) and (b) full width half maximum (FWHM) of the frequency spectrum of the signal.
Time-Frequency Domain Analysis TFD analysis was performed using continuous wavelet transform (CWT). Grossmann and Morlet [12, 19] CWT was used as it is quite efficient in detecting lower amplitude signals and higher spectral components. Minimum time-bandwidth is provided by Morlet wavelets and signal is decomposed into a set of mother wavelets on the basis of functions like contractions, shifts, and dilations. CWT was calculated using FFT algorithm.
where a is scale factor for compression and expansion of the mother wavelet g(t), τ denotes time shift, and * is the complex conjugate. Function g(t) represents bandpass function centered around center frequency.
The following features in TFD were obtained: (a) magnitude of CWT coefficients; (b) total power of CWT coefficients in signal; (c) percentile power calculations-top 10 percentile, top 25 percentile, and top 50 percentile of CWT coefficients; and (d) range of specific frequency components in the signal at specific magnitudes. Higher magnitudes represented the higher contribution of the respective frequencies and vice versa.
Using MEP at 100% RMT, t test was used individually for each feature of TD, FD, and TFD comparing healthy subjects and patients for statistical significance (p < 0.05). t tests were also used for comparing the frequency spectrum of all suprathreshold intensities in healthy subjects evaluating differences. A one-way ANOVA test was used between groups 0%, 50%, and 100% MVC of the frequency content of top 10 percentile power determining the statistical difference (p < 0.05).
Pearson correlation coefficients of FWHM (in FD) and frequency content of top 10 and 25 CWT coefficients percentile power (in TFD) with two clinical scores (MAS and FM) were calculated individually to correlate these features with patients' clinical conditions.
Results
MEP was successfully recorded in six healthy subjects and 10 patients enrolled in the study. Clinical scores were successfully measured from all these patients (see Table 1 for details of patients). Tables 2 and 3 show various parameters obtained from time, frequency, and time-frequency domain of 6 healthy subjects and ten patients and their correlations with clinical scores.
Time Domain Analysis
The mean MEP at 100% RMT for six healthy subjects was observed to be 186.44 μV peak to peak as compared to 124.51 μV for ten patients (Fig. 1a, b , Table 2 , Appendix Table 4 ). SRC with relative supra-threshold stimulus (Fig.  1c ) of MEP amplitude for healthy subjects showed the sigmoidal pattern of increasing MEP response with stimulus intensity. MEP increases sharply with stimulus intensity in 130-150% RMT, reaching a plateau with stimulus intensity > 150% RMT. Supra-threshold intensities were achieved by enhanced on option in TMS (present in Rapid 2 Magstim). At 50% and 100% MVC, polyphasic response was observed with high amplitude (Fig. 1d ).
RMT for healthy subjects (55 ± 10) showed significant differences (p = 0.015) with lower values than patients (73 ± 14). MEP amplitude for healthy subjects (186.4 ± 88 μV) was considerably higher than patients (124.5 ± 42.5) (p = 0.078) and latency in healthy subjects (16.5 ± 1.1 ms) was considerably less as compared to patients (22.5 ± 6.6 ms) (p = 0.051).
Frequency Domain Analysis
In healthy subjects, frequency range of 0-100 Hz was observed with clear defined peaks of 40 and 60 Hz. In patients, the frequency spectrum was lower in magnitude with a spread in 0-250 Hz range, MEPs with multiple peaks of 40, 60, 80, 160, 200, 220, and 240 Hz, but highest peaks being at 40 and 60 Hz ( Fig. 3a , b, Appendix Table 5 ). Table 2 compares the differences between TD, FD, and TFD features of MEP at 100% RMT for healthy subjects and patients. Power analysis of frequency spectrum at 100% RMT shows significant differences, out of full frequency range 0-3000 Hz, approximately 82% and 66% of power of signal lies in frequency range 0-100 Hz (p = 0.09). Also, though not significant, 96% and 92% of power of signal lies in frequency range 0-500 Hz (p = 0.24) in healthy subjects and patients, respectively ( Table 2 , Appendix Table 5 ). The FWHM of each MEP at 100% RMT of healthy subjects and patients were calculated (p = 0.971) ( Table 2) . Pearson correlation coefficients (CC) of FWHM was found to be positive with MAS (CC = 0.739 at p = 0.0145) and negative with FM (CC = − 0.64 at p = 0.046) ( Table 3) . Figure 3a -d shows extending of oscillations towards higher frequency range with 0-100 Hz (peak frequency = 60 Hz) at 0% MVC to 0-200 Hz (multiple clearly defined peaks at 40 Hz, 80 Hz, and 140 Hz; peak frequency = 80 Hz) at 50% MVC and 0-500 Hz (multiple clearly defined peaks at 80 Hz, 140 Hz, 200 Hz, and 320 Hz; peak frequency = 140 Hz) with a spread at higher frequencies at 100% MVC (Appendix Table 5 ). Figure 3e shows the frequency spectrum of one representative healthy subject at suprathreshold stimulations. A defined pattern of frequency spectrum with peak frequency of 40 Hz was consistently observed at all stimulus intensities from 100% RMT to 170% RMT ( Fig. 3e , Appendix Table 5 ), and increase in the magnitude of frequency spectrum was observed with increasing stimulus intensity similar to the SRC curve of Fig. 1c .
Time-Frequency Domain Analysis
Differences Between Healthy Subjects and Patients at 100% RMT
The presence of frequency range till 3000 Hz, shown in Fig. 4 in 0-500 Hz range, with varying magnitude has (p = 0.025)* (p = 0.29) (p = 0.53) (p = 0.31) *p < 0.05 been evidenced during the full time interval of MEP (0-50 ms) for subjects and patients (Appendix Table 6 ). Though different peaks with fewer magnitudes were seen in the patients, the highest peaks were observed at 40 and 60 Hz in subjects and patients, similar to the frequency domain ( Fig.  3a, b ). Substantial differences in subjects and patients were observed in terms of contributing frequency range, 0-100 Hz in healthy subjects and 0-500 Hz in patients ( Fig. 4a, b ). Contributing frequency range for top 10 and top 25 percentile of CWT coefficients showed differences and dispersed to wider frequency range in patients as compared to subjects (p = 0.027, p = 0.022, respectively) but not many differences were observed in the frequency range of top 50 percentile showed (p = 0.059) ( Fig. 5a , Appendix Table 6 ). Though the power in the contributing frequency ranges decreased in top 10, 25, and 50 percentiles ( Table 2, Appendix  Table 6 ), total power showed significant differences among subjects and patients (p = 0.023) ( Table 2 , Appendix Table 7 ). The features-maximum content of frequency range of top 10 and top 25 percentile-were correlated with clinical scores; correlation coefficients with spasticity scale MAS was CC = 0.672, p = 0.033 and CC = 0.696, p = 0.025, respectively (Table 3) . Though positive and negative correlations of these features were found with RMT and MEP, respectively, they did not show statistical significance.
On the evaluation of frequency variations during complete time-duration of MEP 0-50 ms (Appendix Table 8 ), peak frequency of 40 Hz was prominent during peak-topeak MEP in subjects and patients and even more in supra-threshold intensities (more than 100% RMT) in subjects (high magnitude shown in red in Fig. 4a, b and Appendix Table 8 ).
Time-Frequency Analysis at Different MVC
The frequency spectrum was found to be much more dispersed for variation in 50% and 100% MVC as compared to 100% RMT at 0% MVC with frequency covering the range up to approximately 363 Hz (Fig. 4c , Appendix Table 9 ). A one-way ANOVA was applied and frequency range of top 10 percentile was found to be different (Fig. 5b) . F value for the ANOVA test was 2784.16 with p = 1.1102E−16. All post hoc pairwise Tukey HSD comparisons suggest that the p value corresponding to the F statistic of one-way ANOVA is lower than 0.01 which strongly suggests that the frequencies are significantly different. Frequency spectrum were observed to be dispersed towards the right as % MVC is increased with clear defined multiple peaks shifting towards right too at 40 Hz, 80 Hz, and 140 Hz and peak frequency of 80 Hz and 140 Hz at 50% MVC and 100% MVC, respectively ( Fig. 5b , Appendix Table 9 ).
Discussion
The conventional interpretation of TD features is potentially distorted by noise and can result in false-positive and falsenegative results given its limitation [12] [13] [14] [15] . The main target of this study was to determine if there are differences in spectra of stroke patients as compared to that of healthy subjects in TFD. Key results of this study are as follows: with 100% RMT and the healthy subjects present an energy distribution in MEP at a certain frequency range (0-100 Hz) in TFD. This energy in patients, with low magnitude, spreads over the range 0-500 Hz and the shift in location (latency) was also observed. Mean power in frequency range (0-100 Hz) and (0-500 Hz) Fig. 1 a Mean MEP response curve with 95% confidence interval (CI) for six healthy subjects at 100% RMT. b Mean MEP response curve with 95%CI for ten patients at 100% RMT. c Stimulus Response Curve (mean ± 95%CI) of six healthy subjects with the supra-threshold stimulus (at different % RMT) and MEP amplitude, showing the sigmoid shape curve. d MEP response curve at 50% MVC at 100% RMT was observed to be low in patients. The total power of CWT coefficients and frequency range contributing to top 10 and top 25 percentiles power of MEP signal showed statistically significant differences (p < 0.05) in patients. Mean power at different percentiles (10, 25, and 50) of CWT magnitudes were also observed to be low in patients ( Table 2 ). The FD feature -FWHM and TFD feature-maximum frequency content in 10 and 25 percentile of CWT magnitudes were found to be statistically correlated with clinical scores of stroke patients ( Table 3 ). The frequency range 20-70 Hz appeared in MEP might belong to piper rhythm in motor cortex.
Differences in Healthy Subjects and Patients in Time Domain
RMT was observed to be~33% higher in patients (p = 0.015) as compared to healthy subjects. MEP amplitude was observed to be lower by~50% and latency was higher by~26% (Table 2) in patients, might be indicating loss of upper motor neurons (UMN) or affected cortico-spinal tract or peripheral nerves in stroke [2, 8, 29] . The trend of SRC (Fig. 1c ) as has been observed for different muscles was also observed in frequency domain analysis (Fig. 3e) ; amplitude was found to increase with increase in stimulus intensity producing a higher MEP possibly because of accessing larger neuronal recruitment of cortico-spinal higher threshold motor neurons in form of D wave [10] . SRC reaches a plateau phase at~150-170% RMT (Fig. 1c) as reported in the literature [7, [9] [10] [11] , possibly being the maximum stimulus intensity for cortico-spinal neuronal firing and highest achievable neural recruitment possible [30] . None of the time domain parameters showed a correlation with clinical scores. 
Differences in Healthy Subjects and Patients in Frequency Domain
A considerable decrease in mean power in the range of 0-100 Hz was observed to be~25% (82.89 to 66.5) and~5% (96.5 to 92.4) in 0-500 Hz in patients as compared to the subjects. Results reflect that the power content present in 0-100 Hz in subjects is considerably dispersed over 0-500 Hz in patients ( Table 2, Figs. 3a, b and 4a, b). The decrease in energy content and dispersion of power towards higher frequency range with pathology seen here is in line with TFD studies on evoked potential conducted on rat animal model [12, 19] . The FWHM was found to be positively correlated (with p = 0.01) with MAS (CC = 0.74) which might indicate towards the relationship between higher spasticity with large contraction of muscle fibers and more pathology with large dispersion (right sided) Fig. 4 in frequency spectrum resulting in higher FWHM and vice versa, as confirmed in the animal model [16, 19] . The negative correlation (with p = 0.46) of upper limb FM scale with FWHM (CC = − 0.64) might reflect the decrease in the dispersion of frequency spectrum with the higher functionality of upper limb.
Differences in Healthy Subjects and Patients in the Time-Frequency Domain
TFD analysis shows distinct information about the spectrum of healthy subjects and patients. The features which showed statistically significant differences (p < 0.05) among healthy subjects and patients (Fig. 5a , Table 3 ) were (1) frequency spectrum of top 10 percentiles of CWT coefficients, (2) frequency spectrum of top 25 percentiles of CWT coefficients, (3) maximum frequency content of top 10 percentile of CWT coefficients, (4) maximum frequency content of top 25 percentiles of CWT coefficients, and (5) total power in MEP signal. These features in TFD qualify as the input candidates for differences between healthy subjects and patients. These findings showed that the changes in frequency range, in stroke patients as compared to healthy subjects, were statistically significant than the change in amplitude and latency in time domain showing it might be a more sensitive monitoring technique. The dispersion was shown in the frequency spectrum of top 50 percentile in full 0-3000 Hz range. A similar tendency of dispersion has been reported in rat models evaluating various evoked potential like MEP in spinal cord injury [16] . In patients, top 10, 25, and 50 percentiles power did show a considerable decrease ( Table 2, Appendix Tables 6 and 7) and total power showed a statistically significant decrease in power by 216% (p = 0.023). The decrease might be attributed to the weak cortico-spinal tract or the reduced ability or loss of UMN. The two features-maximum frequency content of a top 10 percentile of CWT coefficients and maximum frequency content of t op 25 percentiles of CWT coefficients-of each patient were correlated with each patient's spasticity scale and showed positive correlation with MAS. The tendency of frequency dispersion towards higher (right-side) frequency was in confirmation of the findings in rat animal model [16] . In humans, it could be explained by: the more is the pathology and the more is the spasticity, and the more is the contraction of muscle fibers, having a large working frequency, controlled by large motor neurons and, hence, the more is the dispersion of frequency [31, 32] . Thus, stroke leads to changes in time-frequency domain and can be a better indication of the pathophysiology of stroke than TD as monitoring in TFD offers the detection of time shifting, frequency shifting, frequency dispersion, power loss in contrast to amplitude, and latency in time domain.
The piper rhythm (20-70 Hz with 40 Hz peak), found in EMG and also in frequency coherence of EMG with MEG and EEG, in differing grades of voluntary contractions of muscles in healthy subjects has been reported in several studies [17, 25] . It has been shown to be driven by the contralateral motor cortex and plays a critical role in the pathophysiology of diseases [33] . The same frequency range with 40 Hz peak was also observed in our study in healthy subjects and patients with stroke ( Fig.  3a, b , Appendix Table 5 , 8). The range is more dispersed towards higher frequency with lower in magnitude in patients as compared to the healthy subjects. The presence of 40 Hz rhythm in upper limb forearm muscle might indicate the presence of piper rhythm in motorevoked potential of stroke patients, the same range has been earlier reported in EMG signal from lower limb muscle in stroke patients and in other neurological disease like Parkinson disease [33, 34] . Fang et al. in 2010 showed low gamma band cortico-muscular coherence in poorly recovered stroke survivors with the help of EEG-EMG coherence [35] . This difference might be because of the methodological differences in the study (MEP and EEG-EMG coherence). As TMS stimulus is applied, D waves and I waves are recruited which sums up at anterior horn of the spinal cord and travels to the muscle for the motor fiber to fire [1, 6] . So, it is worth noting that MEP is more complex-signal that captures information on neuronal firing, cortico-spinal tract conduction, and muscle excitability that could also be reflected in the range and shift of frequency spectrum in our study.
Also, these differences might be because of different chronicity, impairment, and lesion size and location.
As mentioned above, MEP is a combination of information initiating at the pyramidal axons (D waves), various synapses though neuronal circuits (I waves), conduction through the tract and muscle recruitment, limiting of higher frequency content (top 10 percentile of CWT coefficients) to~100 Hz in healthy subjects and dispersed to~500 Hz in patients highlights substantial fundamental alterations among healthy subjects and stroke patients. One example of difference might be the unorganized recruitment of higher motor fiber firing at higher frequencies even in the resting muscles. Even though most of the frequencies were present at the complete duration of MEP, the highest CWT magnitudes are contained by 40 Hz peak frequency lying in the period of peak-to-peak MEP (Appendix Table 8 ) representing maximum change during the peripheral evoke response. The frequency spectrum was observed to shift towards the right in time axis in patients ( Fig. 4b) representing longer latency period and slower cortico-spinal tract conduction. The sample size is limited to interpret significant impact; a bigger study with similar analysis approach would be highly beneficial.
The frequency range captured by the electrodes in our study could contain the information of not just the muscle firing but the neuronal firing too, MEP is a complex signal, as the presence of frequency range up to 100 Hz in the brain has also been confirmed by electrocortiocography (ECoG) study, MEG, and other in vivo pyramidal cells studies [6, 17, 36] . This is the first study on humans to report 100 Hz frequency content in brain non-invasively using TMS.
Hence, stroke leads to changes in frequency and timefrequency domain features-FWHM, total power, maximum frequency content of top 10 and 25 percentile CWT magnitudes-and can be a better indication of pathophysiology of stroke than TD as monitoring in TFD offers the detection of time shifting, frequency shifting, frequency dispersion, power loss in contrast to amplitude, and latency in time domain. The application of time-frequency domain analysis might provide an alternative way to detect/diagnose and interpret results in automated MEP monitoring. This approach might be helpful for neurophysiologists by providing a practical improved method to quantify TMS measures by providing an advantage over traditional time domain analysis which could be worked out for real-time clinical applications in future research. This exploratory study opens a new pathway for automated monitoring of neurophysiological parameters of MEP in stroke.
Differences at Different Supra-threshold Intensities and Different MVC in Healthy Subjects
The increase in the magnitude of oscillations (as indicated in Fig. 1c by SRC curve, shown in Fig. 3e , Appendix Table 8 ) with increasing stimulus intensity (signal growing vertically) might indicate a relationship of particular frequency range with D waves being generated with TMS stimulus because D waves manifests the same trend of increasing magnitude with increasing stimulus intensity. The magnitude increases with frequency range with peak frequency being constant (Fig.  3e) indicating the higher cortical response due to increase in stimulus intensity but the same muscle recruitment (rate coding). This might represent the activation of higher threshold central and peripheral pyramidal neurons having faster propagations and producing larger action potentials which finally govern large motor units in the target muscles [1] .
The oscillation in Fig. 3a-d extends, not shifts, towards higher frequency range with increasing peak frequency at 40 Hz, 80 Hz, and 120 Hz, following Henneman size principle [32] and indicating of firing of both slow and fast muscle fibers, with increasing MVC-0%, 50%, and 100%, respectively ( Fig. 3a-d , Appendix Table 5 , Figs. 4c and 5b, Appendix Table 9 ). The signal grows horizontally with increasing MVC and frequency range have not shifted but extended showing the involvement of slow muscle fibers too along with fast muscle fibers in line with size principle and rate coding. The differences in the frequency content of the top 10 percentile power of CWT at different MVC was found to be statistically significant at with p = 1.1102E−16, F value = 2784 (Fig. 5b ). This increase in frequency range might be due to higher neuronal firing, as demand on the motor cortex is likely to be greater under these circumstances. Coherence analysis has revealed that some of the oscillations are transmitted, probably via the pyramidal tract, to the active muscles and may entrain them into the same rhythmicity. The spectrum was also observed to shift left in healthy subjects showing less latency (Fig. 4c) as MVC increases supporting the fact that motor neurons near threshold tend to discharge excitatory post-synaptic potential (EPSP) which summates giving short latency EMG [1] . For the different level of contractions, the cortico-muscular coherence is found to be in piper rhythm in literature.
Limitations One of the limitations of this study is the low sample size. It is worth noting that the acquisition of MEP is challenging in patients with stroke and this study is exploratory in nature evaluating the potential advantages of time-frequency analysis in MEP. Also, the age group of the healthy subject and patients with stroke was different which can be further explored in future studies as age affects the cortical circuits too. Patient population had a large amount of heterogeneity in terms of lesion location, chronicity, or even the effects of rehabilitation patients might be receiving since the episode of stroke. A larger study would get benefit with a time-frequency domain analysis methodology proposed in the study.
Conclusion
The study demonstrates the features of the timefrequency domain of MEP analysis for healthy subjects and patients that might be of clinical relevance in disease diagnosis or prognostic monitoring. It also indicates the presence of piper rhythm in healthy subjects and patients with stroke and changes in MEP frequency range during different MVC using non-invasive MEP with TMS stimulation. Appendix 
